Introduction
============

At present, the specific microenvironment in tumor cells has attracted broad interests of researchers in the field of pharmaceutics.[@b1-ijn-10-6587]--[@b3-ijn-10-6587] As the focus of attention, the intracellular components of tumor cells exhibit a more reductive condition in comparison with that outside cells.[@b4-ijn-10-6587],[@b5-ijn-10-6587] In detail, the glutathione (GSH) concentration in cells (0.5−10.0 mM) is about three orders of magnitude higher than that outside cells (2.0−20.0 μM).[@b6-ijn-10-6587]--[@b9-ijn-10-6587] The potential difference of GSH concentration between extracellular region and intracellular organelles provides the possibility to design the reduction-responsive polymeric nanocarriers for selective intracellular drug delivery.[@b10-ijn-10-6587]

Right now, most of the reduction-responsive polymeric nanovehicles contain the component of disulfide bond, which can degrade into two mercapto groups triggered by the high concentration of intracellular GSH along with the expansion or even disintegration of nanoparticles and the release of payloads.[@b11-ijn-10-6587],[@b12-ijn-10-6587] Among all the smart nanoparticles, the reduction-responsive polymeric nanogels account for a large proportion ascribed to the superior performances: 1) tunable and stable chemical and physical structures, 2) excellent drug loading capacity, 3) selective accumulation in tumor tissue via the enhanced permeability and retention (EPR) effect, and 4) quick drug release in the intracellular reduction condition.[@b13-ijn-10-6587],[@b14-ijn-10-6587]

In 2006, Li et al reported the synthesis of reversible shell crosslinked micelle by the amidation reaction of an *N*-acryloxysuccinimide in poly(ethylene oxide)-*block*-((*N,N*-dimethylacrylamide)-*co*-(*N*-acryloxysuccinimide))-*block*-(*N*-isopropylacrylamide) (PEO-*b*-P(DMA-*co*-NAS)-*b*-NIPAM) with cystamine, which acted as a disulfide bifunctional primary amine crosslinker.[@b15-ijn-10-6587] The resultant amide linkage between cystamine and polymer was stable, while the disulfide bond in cystamine could be cleaved by reducing agents (eg, dithiothreitol and tris(2-carboxyethyl)-phosphine) that are ready to impart reversible crosslinking characteristic to the nanoparticle. The reversible crosslinkable micelle exhibited greater potential in the field of drug delivery due to the selective cleavage of disulfide bond, which could occur under the reducing condition within the target lesion cells and enable a controlled intracellular drug release. Subsequently, a variety of disulfide bond-crosslinked nanogels have been prepared for selective intracellular drug delivery. As a typical example, Koo et al synthesized the disulfide shell crosslinked PEG−poly(amino acid)s micelle with the same amidation reaction for the delivery of methotrexate (MTX), which was a model hydrophobic drug for the therapeutics of osteosarcoma, lung, and breast cancers in clinic.[@b16-ijn-10-6587] The loading nanogel released MTX in response to an intracellular GSH level and showed enhanced cytotoxicity toward the human lung carcinoma A549 cells pretreated with 10.0 mM GSH. In addition, Wei et al developed a reduction-responsive reversible core crosslinked micelle based on poly(ethylene glycol)-*block*-poly((*N*-2-hydroxypropyl methacrylamide)-*co*-*N*-2-hydroxypropyl methacrylamide-*graft*-lipoic acid) (PEG-*b*-P(HPMA-*co*-(HPMA-*g*-LA))), which was investigated for triggered doxorubicin (DOX) release.[@b17-ijn-10-6587] As expected, the laden disulfide-crosslinked system exhibited improved intracellular DOX release and enhanced cellular proliferation inhibition in vitro.

During the same period, that is, in the past decade, many other reduction-responsive nanogels have been investigated through thiol-disulfide exchange reaction,[@b18-ijn-10-6587] Cu(I)-catalyzed "click chemistry" reaction,[@b19-ijn-10-6587] quaternization reaction,[@b5-ijn-10-6587] one-step ring-opening polymerization (ROP),[@b6-ijn-10-6587],[@b20-ijn-10-6587],[@b21-ijn-10-6587] and so on. In this work, a reduction-responsive methoxy poly(ethylene glycol)−poly(L-phenylalanine-*co*-L-cystine) (mPEG−P(LP-*co*-LC)) nanogel with facile preparation process and controllable performances was synthesized by our previously reported one-step ROP of L-phenylalanine *N*-carboxyanhydride (LP NCA) and L-cystine *N*-carboxyanhydride (LC NCA) with amino-terminated mPEG as a macroinitiator for targeting intracellular drug delivery in vivo ([Figure 1](#f1-ijn-10-6587){ref-type="fig"}).[@b6-ijn-10-6587] DOX was employed as a model antitumor drug. Besides the excellent biocompatibility and selective accumulation in tumor tissue, the DOX-loaded nanogel (NG/DOX) exhibited effective and safe tumor inhibition toward H22 hepatoma-xenografted BALB/c mouse model, indicating good prospect for the clinical chemotherapy of malignancy.

Materials and methods
=====================

Materials
---------

As shown in [Figure 1](#f1-ijn-10-6587){ref-type="fig"}, the reduction-responsive mPEG~113~−P(LP~12~-*co*-LC~2~) nanogel was synthesized through the one-step ROP according to our previous works.[@b4-ijn-10-6587],[@b6-ijn-10-6587] The subscript number represented the degree of polymerization of each component, which was calculated from elemental analysis. As shown in [Figure 2](#f2-ijn-10-6587){ref-type="fig"}, the morphology and hydrodynamic radius (*R*~h~) of nanogel were detected to be spherical and 56.1±3.8 nm by transmission electron microscopy and dynamic light scattering (DLS), respectively. Doxorubicin hydrochloride (DOX·HCl) was purchased from Beijing Huafeng United Technology Co., Ltd. (Beijing, People's Republic of China). NG/DOX was prepared by a sequential dispersion and dialysis approach. Hematoxylin and eosin (H&E) were obtained from EMD Millipore (Billerica, MA, USA). The commercial enzyme-linked immunosorbent assay (ELISA) kits of creatine kinase isoenzyme (CK-MB), lactate dehydrogenase (LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (Cr) were purchased from Nanjing Jiancheng Bioengineering Co., Ltd. (Nanjing, People's Republic of China). Caspase-3, survivin, Bax, and Bcl-2 antibodies were purchased from Abcam Company (Cambridge, UK). SP9710 and DAB chromogenic kits were purchased from Fuzhou Maixin Biotechnology Development Company (Fuzhou, People's Republic of China).

Animal procedures
-----------------

Equal number of the male and female Kunming mice (5 weeks old, \~22 g) were obtained from the Laboratory Animal Center of Jilin University for the detection of maximum tolerated dose (MTD). In addition, 5-week-old male BALB/c mice weighting 19.5±1.5 g were provided by Beijing HFK Bioscience Co., Ltd. (Beijing, People's Republic of China) for both tissue distribution and antitumor assays. All animal experiments were approved by the Animal Care and Use Committee of Jilin University and were conducted in accordance with its Guidelines, and all efforts were made to minimize the suffering. To induce tumor, the mice were given subcutaneous injection in the armpits of right anterior limbs with 0.1 mL of cell suspension containing 2.0×10^6^ mouse hepatoma H22 cells in phosphate buffered saline (PBS).

Evaluation of MTD
-----------------

Equal number of male (n=90) and female Kunming mice (n=90) were used to evaluate the MTDs of nanogel, free DOX·HCl, and NG/DOX. All of the groups received a single-dose by intravenous (IV) injection (n=20 for each group). The mice in the free DOX·HCl and NG/DOX groups received a DOX·HCl dose of 5.0 mg per kg body weight (mg \[kg BW\]^−1^), 10.0 mg (kg BW)^−1^, or 15.0 mg (kg BW)^−1^. The control group received 100.0 mg (kg BW)^−1^, 300.0 mg (kg BW)^−1^, or 500.0 mg (kg BW)^−1^ of nanogel. MTD was defined as the allowance of a 15% median loss of body weight before pharmacological treatment without death due to toxic effects or remarkable changes in the general signs within 10 days after administration.[@b22-ijn-10-6587],[@b23-ijn-10-6587] In addition, the mice were sacrificed on Day 11. The major organs, that is, heart, liver, spleen, lung, and kidney, were isolated, washed with PBS, and weighted precisely. The organ indices of all the aforementioned organs of mice were calculated using [Equation 1](#fd1-ijn-10-6587){ref-type="disp-formula"}. $$\text{Organ}\ \text{index}\ (\%) = \frac{W_{\text{organ}}(\text{mg})}{W_{\text{body}}(g)},$$where *W*organ (mg) and *W*~body~ (g) were denoted as the weights of organ and body, respectively.

Ex vivo DOX fluorescence imaging
--------------------------------

The tissue distribution of DOX after IV injection of different formulations with various doses were qualitatively or semi-quantitatively assessed by ex vivo DOX fluorescence imaging of tumor and major internal organs. When the tumor grew up to approximately 250 mm^3^, free DOX·HCl or NG/DOX at a DOX·HCl dose of 3.0 mg (kg BW)^−1^ or 6.0 mg (kg BW)^−1^ was intravenously injected. The tumor-bearing BALB/c mice were sacrificed at 12 hours postinjection, and the tumor and major organs, including kidney, heart, spleen, lung, and liver, were excised and washed with PBS. The ex vivo DOX fluorescence imaging was obtained using the Maestro 500FL in vivo Imaging System (Cambridge Research and Instrumentation Inc., Woburn, MA, USA). In addition, the average signals were also semi-quantitatively analyzed using a Maestro™ 2.4 software from the same company.

In vivo antitumor assessments
-----------------------------

From the second day after the inoculation of H22 cells, that is, Day 1, the tumor volumes and body weights were monitored every 2 days. Seven days after inoculation, the tumor volume grew to approximately 400 mm^3^, and then the mice were randomly divided into five groups (n=10), that is, normal saline (NS), free DOX·HCl, or NG/DOX at a DOX·HCl dosage of 3.0 mg (kg BW)^−1^ or 6.0 mg (kg BW)^−1^. The DOX formulations were noted as DOX/3.0, DOX/6.0, NG/DOX/3.0, and NG/DOX/6.0. At the same time, the treatments were started, that is, 100.0 μL of NS and various DOX formulations in NS were injected into tail vein for four times every 5 days. The antitumor efficacy and security in vivo were evaluated by detecting the tumor volumes and body weights. The tumor volumes were calculated according to [Equation 2](#fd2-ijn-10-6587){ref-type="disp-formula"}. $$V(\text{mm}^{3}) = \frac{L \times S^{2}}{2}.$$

In [Equation 2](#fd2-ijn-10-6587){ref-type="disp-formula"},*L* and *S* (mm) were the largest and smallest diameters of tumor, respectively, which were measured by a vernier caliper.

Histopathological and immunohistochemical analyses of tumor tissues
-------------------------------------------------------------------

The H22 hepatoma-xenografted mice were sacrificed by cervical dislocation on Day 25, that is, 3 days after the last injection. The tumors were isolated and fixed in 4% (*W*/*V*) paraformaldehyde for 24 hours, followed by dehydration, clearing, wax infiltration, and embedding. A total of 5 μm thick paraffin sections were prepared for H&E staining, and 3 μm thick paraffin sections were prepared for immunohistochemical staining, including caspase-3, survivin, Bax, and Bcl-2, to assess the pathological and immunological changes in tumor tissue, respectively. The used instruments were Leica RM 2245 paraffin machine, Leica HI1210 fishing machine, Leica HI1220 booth machine, Leica EG1150H embedding machine (Leica Microsystems, Wetzlar, Germany), Olympus BX51 microscope (Olympus Corporation, Tokyo, Japan), and Motic image analysis system (Motic Image Advanced 3.2; Motic Industrial Group Co., Ltd., Xiamen, People's Republic of China).

Histopathological and biochemical analyses of organs
----------------------------------------------------

Besides tumor tissues, other major internal organs and tissues, that is, heart, liver, spleen, lung, kidney, thymus, and sternum, were also collected simultaneously. The organs from healthy mice were also isolated as a normal control. Each organ was divided into two parts: 1) one part except sternum was fixed with 4% (*W*/*V*) PBS-buffered paraformaldehyde for histopathological analyses through H&E staining with a similar protocol as tumor tissue; 2) the other part was prepared to detect the organ function-related biochemical indicators, including CK-MB, LDH, ALT, AST, BUN, and Cr, by ELISA in accordance with the instructions of manufacturers. The histopathological and immunohistochemical results were detected by Olympus BX51 microscope and analyzed with Motic Image Advanced 3.2.

Histopathological assays of sternums and detections of marrow micronucleus cell rates
-------------------------------------------------------------------------------------

In addition, a part of sternums of BALB/c mice were placed in 10% (*V*/*V*) formic acid-formalin solution, decalcified, and fixed for 10 days. The data from normal mice were used as a normal control. And then, the tissues were dehydrated, followed by clearing, wax infiltration, and embedding. Four paraffin sections of sternums with a thickness of 5 μm for each sternum were collected with an interval of 50.0 μm for H&E staining. The marrow micronucleus cell rate (MMCR) was evaluated from H&E section.

White blood cell count and blood biochemical analyses
-----------------------------------------------------

On Day 25, 20.0 μL of anticoagulated blood from each mouse through enucleation method was taken to count white blood cells (WBCs). The other 300.0 μL of blood without anticoagulant was centrifuged at 3,000 rpm for 10 minutes. The serum was collected to detect the clinical biochemical parameters, consisting of CK-MB, LDH, ALT, AST, BUN, and Cr, by ELISA according to the instructions of manufacturers. The data from normal mice were used as control.

Statistical analyses
--------------------

All tests were carried out at least three times, and the data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA), *P*\<0.05 was considered statistically significant, and *P*\<0.01 and *P*\<0.001 were considered significant differences.

Results and discussion
======================

Characterizations of NG/DOX
---------------------------

In this study, the prepared reduction-responsive nanogel was composed of hydrophilic PEG shell and hydrophobic disulfide-crosslinked P(LP~12~-*co*-LC~2~) core. DOX, a model hydrophobic antitumor drug, was loaded into the core of nanogel through a successive dispersion and dialysis technique ([Figure 1](#f1-ijn-10-6587){ref-type="fig"}). The drug loading content and drug loading efficiency of NG/DOX were calculated to be 10.2 wt% and 56.8 wt%, respectively. The *R*~h~ of NG/DOX was detected to be 56.1±3.5 nm. Apparently, the appropriate size is conducive to the selective accumulation of NG/DOX in the tumor site through the EPR effect.[@b24-ijn-10-6587],[@b25-ijn-10-6587]

In vivo biocompatibility and distribution
-----------------------------------------

The assessments of biocompatibility and biodistribution are necessary to determine whether a new drug formulation is suitable for clinical application or not.[@b22-ijn-10-6587] In this work, the biocompatibility of NG/DOX was measured by MTD assay. In addition, the detections of DOX fluorescence intensities in various tissues were strictly accomplished to verify the selective intratumoral accumulation of NG/DOX.

To determine the biocompatibility of nanogel, free DOX·HCl, and NG/DOX, the MTDs were estimated by a single IV injection to healthy Kunming mice ([Figure 3](#f3-ijn-10-6587){ref-type="fig"}). In practice, the body weights and survival rates of mice were monitored for 10 days after the IV injection of nanogel at the doses of 100.0 mg (kg BW)^−1^, 300.0 mg (kg BW)^−1^, and 500.0 mg (kg BW)^−1^, or free DOX·HCl or NG/DOX at the doses of 5.0 mg (kg BW)^−1^, 10.0 mg (kg BW)^−1^, and 15.0 mg (kg BW)^−1^ DOX·HCl equivalents. As shown in [Figure 3](#f3-ijn-10-6587){ref-type="fig"}, no weight losses and deaths were detected in the nanogel groups with the doses up to 500.0 mg (kg BW)^−1^, indicating their good biocompatibility in vivo. However, significant losses of body weight and deaths were monitored in the free DOX·HCl groups at the doses of 10.0 mg (kg BW)^−1^ and 15.0 mg (kg BW)^−1^ from Day 4 postinjection. The average body weight loss of mice treated with 15.0 mg (kg BW)^−1^ free DOX·HCl was 16.6%, indicating serious side effects.[@b22-ijn-10-6587] At the same time, the 10-day survival rate was 40% at a dose of 15 mg (kg BW)^−1^. As expected, the nanogel-encapsulated drug exhibited decreased systemic toxicity with less body weight loss and a significant prolongation of survival time at all test doses. The MTDs of all the determined formulations were estimated based on the threshold, at which all animals survived and the loss of body weight was \<15% within 10 days postin-jection.[@b23-ijn-10-6587] The MTD of free DOX·HCl was determined to be 6.0−7.5 mg (kg BW)^−1^, which was in accordance with that of previous studies,[@b26-ijn-10-6587],[@b27-ijn-10-6587] while that of NG/DOX was close to or over 10.0 mg kg^−1^. The result confirmed the improved security of NG/DOX compared with free DOX·HCl.

After the detection of MTD, the mice were sacrificed, and the major internal organs (ie, heart, liver, spleen, lung, and kidney) were collected and weighted. The organ indices were calculated by the weight ratios of organs (mg) and whole body (g). For all the indices of various organs, significantly decreased spleen index was observed for the free DOX·HCl groups as the DOX·HCl dose increased from 10.0 mg (kg BW)^−1^ to 15.0 mg (kg BW)^−1^. The main reason was that the massive cells of spleen appeared dead after the treatment of DOX.[@b28-ijn-10-6587] Fortunately, no decrease of spleen indices was observed in the NG/DOX groups at all the test doses up to 15.0 mg (kg BW)^−1^. To face the reality, the dose intensification of DOX in a real clinical setting is significant as it may allow patients to receive a full dose of chemotherapy without the severe dose-dependent toxicities. These results suggest that the MTD of DOX can be upregulated through being loaded into nanogel, resulting in the stimuli-responsive drug release and reduced systemic toxicity simultaneously.

The tissue distribution of antitumor drug associates with both the efficacy of tumor suppression and security in vivo. In this study, the tissue distribution of DOX in vivo was qualitatively detected by the fluorescence imaging of isolated tumors and major internal organs, and semi-quantitatively analyzed by Maestro™ 2.4 software. As shown in [Figure 4A](#f4-ijn-10-6587){ref-type="fig"}, NG/DOX accumulated at tumor sites more efficiently than free DOX·HCl at the doses of both 3.0 mg (kg BW)^−1^ and 6.0 mg (kg BW)^−1^ at 12 hours postinjection. The results should be attributed to the EPR effect of NG/DOX toward tumor tissue. It should be noted that doubling the dose did not result in a doubling of the accumulated amount of DOX formulations, indicating the nonlinear correlation between dose and intratumoral accumulation of drug. In addition to tumor tissue, a relatively strong DOX fluorescence was observed in both kidney and liver for both the DOX formulations. The phenomenon showed that the drugs were mainly metabolized by kidney and liver. Furthermore, the DOX fluorescence intensities regarding the kidney and liver of free DOX·HCl groups were higher than those of NG/DOX groups in any one dose. The enhanced accumulation of free drug might result in the undesirable nephrotoxicity and hepatotoxicity.

The semi-quantitative fluorescence intensities of DOX in tumors and main visceral organs at 12 hours postinjection were evaluated and shown in [Figure 4B](#f4-ijn-10-6587){ref-type="fig"}. The results indicated that the average signals of NG/DOX groups were \~1.7 times higher than those of free DOX·HCl groups for each individual dose (ie, 3.0 mg \[kg BW\]^−1^ or 6.0 mg \[kg BW\]^−1^; *P*\<0.001). More interestingly, the accumulation of NG/DOX obviously downregulated to 0.8-fold and 0.6-fold in kidney and 0.9-fold and 0.7-fold in liver at the DOX·HCl doses of 3.0 mg (kg BW)^−1^ and 6.0 mg (kg BW)^−1^, respectively, in comparison with that of free DOX·HCl (*P*\<0.001). The above data indicated that NG/DOX exhibited the enhanced intratumoral accumulation and decreased metabolism at normal organs as compared with free DOX·HCl, which might mean the high antitumor efficacy and security in vivo.

In vivo evaluation of antitumor efficacy
----------------------------------------

Generally, the efficacy and security of chemotherapy are a contradiction, that is, a higher antitumor efficacy often associates with more serious side effects.[@b29-ijn-10-6587],[@b30-ijn-10-6587] Therefore, the efficacy and security in vivo are the two most critical performances of antitumor drug formulations. The two aforementioned properties of any newly developed formulations should be systematically assessed before clinical application.

The detections of tumor inhibition efficacies toward tumor-xenografted mouse models are a generic approach to judge the antitumor capabilities of nanoscale drug delivery systems.[@b31-ijn-10-6587],[@b32-ijn-10-6587] In this work, the excellent antitumor efficacy of NG/DOX was revealed against H22 hepatoma-bearing BALB/c mouse models. In practice, the tumor volumes were real-time monitored in the process of treatment, and the histopathological and immunohistochemical assessments of tumor tissue sections after treatments were subsequently performed. As soon as the tumor volume grew up to approximately 400 mm^3^, the treatment of NS as control or free DOX·HCl or NG/DOX with 3.0 mg or 6.0 mg DOX·HCl equivalent per kg body weight was initiated by IV injection for four times every 5 days. The doses of DOX were chosen based on the MTD of free DOX·HCl (\~6.0 mg \[kg BW\]^−1^) in order to ensure the survival of mice and good treatment efficacy. The tumor volumes were detected daily from the second day after inoculation, which was defined as Day 1. The first treatment was performed on Day 7. As shown in [Figure 5](#f5-ijn-10-6587){ref-type="fig"}, no significant difference in the tumor volumes was observed for all the test groups before Day 11 (*P*\>0.05). From Day 11, the differences among the antitumor efficacies of all groups were observed. The tumors of control group grew out of control, and their average volume increased three times and reached t\~3,500 mm^3^ in the next 2 weeks. The tumors were suppressed to different extents through the treatments with various DOX formulations. In detail, the tumor of DOX/3.0 group grew slowly, while NG/DOX/3.0 inhibited tumor at a constant volume with the same dosage of 3.0 mg (kg BW)^−1^. Furthermore, the increased dosage from 3.0 mg (kg BW)^−1^ to 6.0 mg (kg BW)^−1^ induced the improved antitumor efficacy. Both DOX/6.0 and NG/DOX/6.0 reduced the volumes of tumors. More fascinatingly, NG/DOX/6.0 exhibited the enhanced antitumor efficacy compared with DOX/6.0 (*P*\<0.05). The improved tumor inhibition capability of NG/DOX in vivo at above two dosages should be attributed to the selective intratumoral accumulation through the EPR effect and targeting intracellular reduction-triggered DOX release.[@b33-ijn-10-6587],[@b34-ijn-10-6587]

Furthermore, a higher antitumor efficacy of NG/DOX was confirmed by both histopathological and immunohistochemical analyses of tumor tissues. After all the treatments on Day 25, the mice were sacrificed by cervical dislocation, and the tumors were isolated for H&E and immunohistochemical staining. As shown in [Figure 6](#f6-ijn-10-6587){ref-type="fig"}, the H&E staining of tumor tissue in the control group revealed the universal mitosis and small area of hemorrhagic necrosis, which indicated the vigorous growth of tumor. The necrotic manifestations were nuclear enrichment and/or fragmentation, the dissolution of tumor cells, and even the formation of a lot of bleeding area. As expected, all the treatments of DOX formulations caused the different levels of tumor suppression. They specifically expressed in the decreased mitosis and upregulated areas of hemorrhage and necrosis. The apparent necrosis areas of all the test formulations were in the following sequence: NG/DOX/6.0\> DOX/6.0\> NG/DOX/3.0\> DOX/3.0. In addition, the semi-quantitative data were calculated by Motic Image Advanced 3.2. As shown in [Figure 7A](#f7-ijn-10-6587){ref-type="fig"}, the NG/DOX groups had 1.9-fold and 1.4-fold larger necrosis area than the free DOX·HCl groups at the dosages of 3.0 mg (kg BW)^−1^ and 6.0 mg (kg BW)^−1^, respectively. The result indicated that the degrees of tumor necrosis were consistent with the levels of tumor inhibition.

In recent years, the relationship between macroscopic tumor volumes and microscopic immunohistochemical morphologies attracts increasing attention.[@b22-ijn-10-6587],[@b35-ijn-10-6587],[@b36-ijn-10-6587] In this study, four kinds of immunohistochemical staining, that is, caspase-3, survivin, Bax, and Bcl-2, were carried out simultaneously for auxiliary assessment of the different antitumor efficacies of all the test formulations and for exploring the antitumor mechanisms from the perspective of genetics ([Figure 6](#f6-ijn-10-6587){ref-type="fig"}). Cell apoptosis is mediated by different signaling pathways, genes, and proteins. Among them, caspase family is considered to be a core executor during apoptosis process.[@b37-ijn-10-6587] The activation of caspase-3, an apoptosis-promoting factor, is the key approach in numerous stimuli-induced apoptosis.[@b38-ijn-10-6587] Survivin belongs to the inhibitors of apoptosis protein families and is highly expressed in most tumor tissues and transformed cells.[@b39-ijn-10-6587] In addition, survivin is involved in the development of tumors and shows a potential value as a tumor marker.[@b40-ijn-10-6587] Survivin inhibits cell apoptosis by two pathways: 1) it directly inhibits the activity of caspase-3, and 2) it can block the activation of caspase-3 to inhibit the apoptosis of cells indirectly.[@b41-ijn-10-6587] As shown in [Figure 6](#f6-ijn-10-6587){ref-type="fig"}, all the sections in the DOX-formulation-treated groups exhibited certain elevated levels of caspase-3 and some decreased degrees of survivin compared with those of control group. The regulations of both caspase-3 and survivin were amplified as the dosage increasing from 3.0 mg (kg BW)^−1^ to 6.0 mg (kg BW)^−1^. More interestingly, at both dosages, NG/DOX induced the enhanced cell apoptosis along with the upregulated caspase-3 and the downregulated survivin in comparison with free DOX·HCl. Similar to H&E, the semi-quantitative optical densities of both caspase-3 and survivin were calculated by an image analysis system of Motic Image Advanced 3.2. As depicted in [Figure 7B](#f7-ijn-10-6587){ref-type="fig"}, the NG/DOX/3.0 group showed 1.6 and 1.3 times caspase-3 signals than NS as control and DOX/3.0, respectively. NG/DOX/6.0 and DOX/6.0 exhibited 1.3 and 1.6 times signals of caspase-3 compared with NG/DOX/3.0 and DOX/3.0, respectively. In contrast, NG/DOX exhibited the reduced data of survivin compared with free DOX·HCl. In detail, NG/DOX/3.0 and NG/DOX/6.0 displayed both 0.8-fold survivin signals of DOX/3.0 and DOX/6.0, respectively ([Figure 7C](#f7-ijn-10-6587){ref-type="fig"}). The results coincided with the previously discussed antitumor efficacies and histopathological analyses, which demonstrated the improved tumor inhibition capability of NG/DOX with a dose-dependent feature.

Furthermore, Bax and Bcl-2 are another pair of factors in the process of cell apoptosis.[@b42-ijn-10-6587] Bax promotes cell apoptosis, while Bcl-2 inhibits cell apoptosis. The two factors can regulate the state of cells in tumor tissue by the modulation of cell apoptosis. Similar to the results of caspase-3 and survivin, the elevated Bax and reduced Bcl-2 were observed in all the groups treated with various DOX formulations with respect to the control group. Both the increase of dosage and the encapsulation with reduction-responsive nanogel could upregulate the expression of Bax and downregulate the signal of Bcl-2 in tumor tissues treated with various DOX formulations ([Figure 6](#f6-ijn-10-6587){ref-type="fig"}). With the same approach, the semi-quantitative events of Bax and Bcl-2 were assessed. As shown in [Figure 7D](#f7-ijn-10-6587){ref-type="fig"}, NG/DOX exhibited both 1.2 times expression of Bax than free DOX·HCl at the dosages of 3.0 mg (kg BW)^−1^ and 6.0 mg (kg BW)^−1^, respectively. Conversely, NG/DOX/3.0 and NG/DOX/6.0 displayed 0.2-fold and 0.4-fold decrease of Bcl-2 signals compared with DOX/3.0 and DOX/6.0, respectively. The results revealed that NG/DOX can upregulate the expression of pro-apoptotic genes and suppress the expression of anti-apoptotic genes with a higher efficiency compared with free DOX·HCl. Thereby, the smart nanogel-loaded antitumor drug could promote tumor cell apoptosis and then inhibit tumor growth with fascinating potential for clinical application compared with the free one.

Assessment of security in vivo
------------------------------

At present, almost all the formulations of antitumor drugs in clinic exhibited more or less side effects. Moreover, the excellent tumor suppression efficacy is always accompanied by the serious side effects.[@b29-ijn-10-6587],[@b30-ijn-10-6587] As a typical example, the treatment with DOX always causes serious acute cardiotoxicity and nephrotoxicity.[@b43-ijn-10-6587] Therefore, the in vivo security of newly designed antitumor drug formulations is another important indicator for the future clinical applications. In this work, the systematic safety assessments were performed through the surveillances of body weights in the course of treatments, analyses of pathological morphologies of various organs after therapeutics, counts of marrow micronucleus cell rate (MMCR) and WBC, and statistics of clinical biochemical parameters in the corresponding organs or serum.

The body weights of all H22 hepatoma-xenografted mice were real-time monitored for 25 days from the second day after inoculation ([Figure 8](#f8-ijn-10-6587){ref-type="fig"}). As shown in [Figure 8](#f8-ijn-10-6587){ref-type="fig"}, the body weights of mice from each treated group exhibited consistent growth trend, and there was no significant difference between any two groups in the beginning 1--7 days (*P*\>0.05). During the treatment stage, that is, Days 7--11, the body weights of all the mice decreased synchronously with no significant difference (*P*\>0.05). Afterward, the body weights of NG/DOX/3.0 was significant difference compared with all the other groups (*P*\<0.01). Within a time interval of Day 11--17, the body weights of mice of NG/DOX/6.0, DOX/3.0, and DOX/6.0 groups continued the downward trend, and no significant difference among the groups was observed (*P*\>0.05). More interestingly, the mice body weights of NG/DOX/6.0 group stayed in plateau phase (\~19.5 g) during the final 8 days, that is, from Day 17 to 25, and they were significantly different with those treated with free DOX·HCl at 3.0 mg (kg BW)^−1^ and 6.0 mg (kg BW)^−1^ (*P*\<0.05). However, in the final stage (17--25 days), the body weights of mice in the DOX/3.0 and DOX/6.0 groups synchronously decreased to 16.3 g and 15.1 g on Day 25, respectively, which were lower than the initial weight (\~19.5 g). The relevance between treatments with various drug formulations and the body weight changes of experimental animals directly indicated the security along with the efficacy. The treatments with a dosage of 6.0 mg (kg BW)^−1^ induced more severe weight loss compared with those at a dosage of 3.0 mg (kg BW)^−1^. The result indicated the dose-dependent side effects of DOX. In addition, compared with the continuously declined body weights of mice in the free DOX·HCl groups, the promptly stopped body weight loss of mice in the NG/DOX groups revealed the improved security of DOX after being loaded with the reduction-responsive nanogel. The low toxicity of NG/DOX on mice should be attributed to the directional intratumoral accumulation through the EPR effect and the subsequent selective intracellular drug release.

As mentioned above, the multiple IV injections of highly toxic antineoplastic agents always cause severe organ damage.[@b44-ijn-10-6587],[@b45-ijn-10-6587] As shown in [Figure 9](#f9-ijn-10-6587){ref-type="fig"}, the histopathological structure of each organ was detected by pathological examination. Compared with NG/DOX, the treatment of free DOX·HCl at both doses of 3.0 mg (kg BW)^−1^ and 6.0 mg (kg BW)^−1^ resulted in various damage toward heart, liver, and kidney diagnosed from their abnormal histopathological morphologies. Surprisingly, the thymuses of all the tumor-bearing mice without or with treatments showed some different pathological morphologies compared with that of normal mouse. In detail, thymus showed notable atrophy, and the boundary between cortex and medulla of thymus was unclear in the NS as control group. In both DOX/3.0 and DOX/6.0 groups, thymic corpuscles reduced or even disappeared. In contrast, the pathological topographies of both NG/DOX/3.0 and NG/DOX/6.0 were similar to the normal one. More fascinatingly, the tumor metastasis was observed in the NS as control group rather than all the treated groups with various DOX formulations. It indicated that the appropriate chemotherapy can decrease the risk of tumor metastasis to some extent.

The external factors, such as toxic small molecules and radioactive substances, always cause the loss or damage of chromosome, which induces the increase of MMCR.[@b46-ijn-10-6587] Therefore, MMCR can reflect the body injury of chemotherapy drugs. As shown in [Figure 9](#f9-ijn-10-6587){ref-type="fig"}, the bone marrow mononuclear cells were observed in the H&E-stained marrow section from each group. The MMCRs were figured out from the histopathological sections ([Figure 10A](#f10-ijn-10-6587){ref-type="fig"}). The MMCRs of H22 hepatoma-xenografted mice after all the treatments were significantly elevated with respect to those of normal mice. The dose-correlated increase of MMCR was observed in the mice of both free DOX·HCl and NG/DOX groups (*P*\<0.05), while the treatment of free DOX·HCl exhibited significantly greater upregulation of MMCR than that of NG/DOX (*P*\<0.01). The results revealed that the damage of DOX formulations to the body was dose-dependent, and the controlled delivery could downregulate the injury to some extent.

According to the previously reported results, the count of WBC can indirectly reflect the impact of chemotherapy on the immune status.[@b47-ijn-10-6587] As depicted in [Figure 10B](#f10-ijn-10-6587){ref-type="fig"}, the WBC count in the NS as control group was significantly higher than the other groups. It indicated that the existence of tumor induced the severe inflammation, while the treatments with various DOX formulations eliminated the inflammation to some extent. The results indirectly proved the safety and even efficacy of the treatments with both free DOX·HCl and NG/DOX.

In clinic, the heart-associated (eg, CK-MB and LDH), liver-associated (eg, ALT and AST), and kidney-associated (eg, BUN and Cr) parameters are usually detected to determine the states of appropriate organs.[@b48-ijn-10-6587] Generally, a higher level of above detection index relates to a more serious injury of corresponding organ. In this study, the changes of characteristic biochemical indices (ie, CK-MB, LDH, ALT, AST, BUN, and Cr) in the isolated corresponding organs ([Figure 11](#f11-ijn-10-6587){ref-type="fig"}) and serum ([Figure 12](#f12-ijn-10-6587){ref-type="fig"}) were detected via the commercial ELISA kits to further confirm the excellent security of all the treatments with various DOX formulations. As shown in [Figures 11](#f11-ijn-10-6587){ref-type="fig"} and [12](#f12-ijn-10-6587){ref-type="fig"}, the dose-dependent increase of both CK-MB and LDH levels in the free DOX·HCl groups indicated the severe heart damage after treatment. Fortunately, the levels of heart-related indices in the NG/DOX groups were comparable with those of normal mice, demonstrating the decreased cardiotoxicity of DOX after encapsulation with nanogel. In addition, all the other clinical parameters of all the test DOX formulation groups were equivalent to or even lower than those of normal mice. The results illustrated that both free DOX·HCl and NG/DOX did not cause serious impairments of all other organs except heart. The data were consistent with the histopathological results and demonstrated the enhanced security of NG/DOX.

Conclusion
==========

The reduction-responsive NG/DOX with moderate drug loading content (10.2 wt%) and diameter (\~110 nm) was prepared to treat hepatoma in rodent model. As soon as the loading nanogel accumulated in tumor tissue and entered into cells, the payload quickly released; this was mediated by the high concentration of intracellular GSH (\~10.0 mM), which contributed to the improved efficacy in vivo. Simultaneously, the systemic toxicity of drug was reduced by the stable encapsulation of nanogel and less drug leakage in the process of circulation after IV injection. As we know, DOX is just a model agent, and the targeting intracellular release of other hydrophobic antitumor drugs, like paclitaxel, docetaxel, MTX, and camptothecin, can also be achieved with the reduction-responsive nanogel as a smart nanovehicle. Therefore, the intracellular GSH-degradable nanogel exhibits a great prospect for advanced chemotherapy of malignancy with enhanced efficacy and security.
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![Synthetic pathway for mPEG--P(LP-*co*-LC) nanogel and schematic illustrations about circulation, intratumoral accumulation, endocytosis, and targeting intracellular DOX release of DOX-loaded nanogel after intravenous injection.\
**Notes:** mPEG--P(LP-*co*-LC) nanogel synthesis (**A**), DOX encapsulation and intravenous injection (**B**), in vivo circulation and intratumoral accumulation (**C**), and endocytosis and GSH-triggered intracellular DOX release (**D**). All the arrows indicate the preparation and in vivo metabolic process of DOX-loaded nanogel.\
**Abbreviations:** DOX, doxorubicin; GSH, glutathione; mPEG--P(LP-*co*-LC), methoxy poly(ethylene glycol)--poly(L-phenylalanine-*co*-L-cystine).](ijn-10-6587Fig1){#f1-ijn-10-6587}

![Typical TEM microimage and *R*~h~ of mPEG--P(LP-*co*-LC) nanogel.\
**Abbreviations:** TEM, transmission electron microscopy; *R*~h~, hydrodynamic radius; mPEG--P(LP-*co*-LC), methoxy poly(ethylene glycol)--poly(L-phenylalanine-*co*-L-cystine).](ijn-10-6587Fig2){#f2-ijn-10-6587}

![Percent body weights, survival rates, and organ indices in MTD detections.\
**Notes:** Percent body weights, survival rates, and organ indices of Kunming mice after disposable intravenous injection of NG at doses of 100.0 mg (kg BW)^−1^, 300.0 mg (kg BW)^−1^, and 500.0 mg (kg BW)^−1^, and DOX·HCl and NG/DOX at equivalent DOX·HCl doses of 5.0 mg (kg BW)^−1^, 10.0 mg (kg BW)^−1^, and 15.0 mg (kg BW)^−1^. The statistical data are presented as a mean ± SD.\
**Abbreviations:** BW, body weight; DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; MTD, maximum tolerated dose; NG, nanogel; NG/DOX, DOX-loaded nanogel; SD, standard deviation.](ijn-10-6587Fig3){#f3-ijn-10-6587}

![Tissue distribution.\
**Notes:** Ex vivo DOX fluorescence images (**A**) and semi-quantitatively analyzed average fluorescence intensities (**B**) of tumors and major visceral organs (ie, kidney, heart, spleen, lung, and liver) isolated at 12 hours postinjection of free DOX·HCl or NG/DOX at a dose of 3.0 mg or 6.0 mg DOX·HCl equivalent per kilogram body weight toward BALB/c nude mice bearing HepG2 tumors. The statistical data are represented as mean ± SD (n=3; ^\#^*P*\<0.001).\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; NG/DOX, DOX-loaded nanogel; SD, standard deviation.](ijn-10-6587Fig4){#f4-ijn-10-6587}

![In vivo antitumor efficacies.\
**Notes:** In vivo antitumor efficacies of NS as control, and free DOX·HCl and NG/DOX at a dosage of 3.0 and 6.0 mg DOX·HCl equivalent per kg body weight toward H22 hepatoma-xenografted BALB/c mouse models. Each set of data is represented as mean ± SD (n=10; \**P*\<0.001).\
**Abbreviations:** DOX, doxorubicin; DOX·HCI, doxorubicin hydrochloride; NG/DOX, DOX-loaded nanogel; NS, normal saline; SD, standard deviation.](ijn-10-6587Fig5){#f5-ijn-10-6587}

![Histopathological and immunohistochemical analyses.\
**Notes:** Histopathological (ie, H&E) and immunohistochemical (ie, caspase-3, survivin, Bax, and Bcl-2) analyses of tumor tissues sections after treatment of NS as control, or free DOX·HCl or NG/DOX at a dosage of 3.0 mg or 6.0 mg DOX·HCl equivalent per kilogram body weight. The arrows indicate the typical necrotic area. Magnification: 200×.\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; H&E, hematoxylin and eosin; NG/DOX, DOX-loaded nanogel; NS, normal saline.](ijn-10-6587Fig6){#f6-ijn-10-6587}

![Semi-quantitative analyses of histopathological and immunohistochemical results.\
**Notes:** Tumor necrotic area from H&E (**A**), and relative optical densities of tumor sections from caspase-3 (**B**), survivin (**C**), Bax (**D**), and Bcl-2 (**E**) after treatment with NS as control, or free DOX·HCl or NG/DOX at a dosage of 3.0 mg or 6.0 mg DOX·HCl equivalent per kg body weight. Each set of data is represented as mean ± SD (n=10; ^\#^*P*\<0.05, ^&^*P*\<0.01, \**P*\<0.001).\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; H&E, hematoxylin and eosin; NG/DOX, DOX-loaded nanogel; NS, normal saline; SD, standard deviation.](ijn-10-6587Fig7){#f7-ijn-10-6587}

![Body weight changes.\
**Notes:** Body weight changes of H22 hepatoma-bearing BALB/c mice in the course of treatment with NS as control, or free DOX·HCl or NG/DOX at a dosage of 3.0 mg or 6.0 mg DOX·HCl equivalent per kg body weight. Each set of data is represented as mean ± SD (n=10; \**P*\<0.001).\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; NG/DOX, DOX-loaded nanogel; NS, normal saline; SD, standard deviation.](ijn-10-6587Fig8){#f8-ijn-10-6587}

![Histopathology analyses of visceral organ sections.\
**Notes:** Histopathology analyses of visceral organ sections, that is, heart, liver, spleen, lung, kidney, thymus, and marrow, from normal mice, or H22 hepatoma-xenografted BALB/c mice after treatment with NS as control, or free DOX·HCl or NG/DOX at a dosage of 3.0 mg or 6.0 mg DOX·HCl equivalent per kg body weight. The arrows in the heart, liver, and kidney sections indicate a certain myocardial damage and fracture, the blood oozing and nucleus shrinking of liver tissue, and nephrotoxicity judged from the glomerular mesangial cell proliferation, respectively. The virtual coil indicates the tumor metastasis in thymus. Magnification: 200×.\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; NG/DOX, DOX-loaded nanogel; NS, normal saline.](ijn-10-6587Fig9){#f9-ijn-10-6587}

![MMCR and WBC count.\
**Notes:** MMCR (**A**) and WBC count (**B**) of normal mice, or H22 hepatoma-xenografted BALB/c mice after treatment with NS as control, or free DOX·HCl or NG/DOX at a dosage of 3.0 mg or 6.0 mg DOX·HCl equivalent per kg body weight. Each set of data is represented as mean ± SD (n=10, \**P*\<0.001).\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; NG/DOX, DOX-loaded nanogel; MMCR, marrow micronucleus cell rate; NS, normal saline; WBC, white blood cell; SD, standard deviation.](ijn-10-6587Fig10){#f10-ijn-10-6587}

![Biochemical analyses of corresponding organs.\
**Notes:** Evaluations of CK-MB (**A**, heart), LDH (**B**, heart), ALT (**C**, liver), AST (**D**, liver), BUN (**E**, kidney), and Cr (**F**, kidney) in corresponding internal organs of normal mice or H22 hepatoma-xenografted BALB/c mice after treatment with NS as control, or free DOX·HCl or NG/DOX at a dosage of 3.0 mg or 6.0 mg DOX·HCl equivalent per kg body weight. Each set of data is represented as mean ± SD (n=10, \**P*\<0.001).\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; NG/DOX, DOX-loaded nanogel; NS, normal saline; CK-MB, creatine kinase isoenzyme; LDH, lactate dehydrogenase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Cr, creatinine; SD, standard deviation.](ijn-10-6587Fig11){#f11-ijn-10-6587}

![Blood biochemical analyses.\
**Notes:** Evaluations of CK-MB (**A**), LDH (**B**), ALT (**C**), AST (**D**), BUN (**E**), and Cr (**F**) in serum of normal mice or H22 hepatoma-xenografted BALB/c mice after treatment with NS as control, or free DOX·HCl or NG/DOX at a dosage of 3.0 mg or 6.0 mg DOX·HCl equivalent per kg body weight. Each set of data is represented as mean ± SD (n=10, \**P*\<0.001).\
**Abbreviations:** DOX, doxorubicin; DOX·HCl, doxorubicin hydrochloride; NG/DOX, DOX-loaded nanogel; NS, normal saline; CK-MB, creatine kinase isoenzyme; LDH, lactate dehydrogenase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; Cr, creatinine; SD, standard deviation.](ijn-10-6587Fig12){#f12-ijn-10-6587}
